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Non-vacuum processA non-vacuum and low-cost route to fabrication of Cu2ZnSnS4 (CZTS) thin ﬁlm as absorber layer for thin ﬁlm
solar cell is demonstrated. The process involves synthesis of Cu–Zn–Sn composite oxide nanoparticles, prepara-
tion of composite oxide ink, deposition of composite oxide thin ﬁlm and subsequent sulfurization treatment. Cu–
Zn–Sn composite oxide nanoparticles with proper composition and particle size can be obtained by controlling
the chemical co-precipitation conditions. The effects of sulfurization temperature on the compositional, structur-
al, morphological, optical and electrical properties of the CZTS thin ﬁlms were investigated. XRD, Raman and
X-ray photoelectron spectroscopy analyses conﬁrmed the formation of CZTS phase after sulfurization. The pre-
pared CZTS thin ﬁlms exhibit porousmorphology and an optical band gap about 1.35 eV. The solar cells fabricat-
ed with the CZTS thin ﬁlm sulfurized at 550 °C showed a conversion efﬁciency of 1.22%.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
In the past decade, kesterite structured Cu2ZnSnS4 (CZTS) has been
widely studied as the absorber layer used in thin ﬁlm solar cells and con-
sidered to be the most suitable replacement for Cu(In,Ga)Se2 (CIGS) and
CdTewhich involve rare and toxic elements [1–3]. CZTS consists of abun-
dant, cheap and non-toxic elements. It is a direct band gap semiconduc-
tor with an absorption coefﬁcient higher than 104 cm−1 in the visible
region and a band gap around 1.5 eV which is close to the optimum
value for a single junction solar cell [4,5]. The theoretical conversion efﬁ-
ciency of CZTS-based solar cell is 32.4% according to Shockley–Queisser
limit [6]. More recently, a conversion efﬁciency of 9.2% for pure sulﬁde
CZTS solar cell has been obtained by T. Kato et al. [7]. And in the case of
the mixed sulfoselenide CZT(S,Se), a world-record efﬁciency of 11.1%
has been reported [8].
CZTS thin ﬁlms have been prepared by various techniques such as
spray pyrolysis [9], thermal evaporation [10], sputtering [11], chemical
vapor deposition [12], electrochemical deposition [13], photochemical
deposition [14], screen printing [15], sol–gel method [16]. Nowadays,
there is increasing recent interest and progress in solution processes
for the fabrication of CZTS thin ﬁlms because they can efﬁciently exploit.
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.V. Open access under CC BY-NC-ND the low-cost potential of CZTS solar cells. Thereinto, ink coating process
with the capacities of high throughput, large-scale deposition and efﬁ-
cient materials usage is emerging as a promising approach. Additionally,
the desired chemical constituent of the ﬁnal thin ﬁlms can be easily
achieved through adjusting the initial composition of the ink. The forma-
tion of ink can be carried out by dissolving themetal salts in the solvent to
form a molecular-level precursor solution or mixing nanoparticles with
solvent to produce a particulate ink or slurry. A. Fischereder et al. [17] pre-
pared the CZTS thin ﬁlms using the precursor solution (ink) containing
CuI, Zn(CH3COO)2, SnCl2 and thioacetamide dissolved in pyridine. T. K.
Todorov et al. [18] developed a hybrid particle–solution approach to de-
posit CZTS thin ﬁlms, in which a kind of slurry of Cu–Sn chalcogenide so-
lution in hydrazinewas used as the precursor ink. The highest conversion
efﬁciency of CZT(S,Se) thin ﬁlm solar cell was achieved by this approach
[8]. However, it's worth noting that hydrazine is extremely toxic and
hazardous. Besides, Q. J. Guo et al. [19] and Y. Y. Cao et al. [20], respective-
ly, reported the fabrication of CZTS thin ﬁlms using CZTS nanocrystal ink
and binary and ternary sulﬁde (Cu2SnS3, ZnS, SnS, CuS and Cu7S4) nano-
crystal ink. These nanocrystals were synthesized through hot-injection
method in oleylamine solution under an inert atmosphere. The conver-
sion efﬁciency of CZT(S,Se) solar cells based on the above two methods
were 7.2% [21] and 8.5% [20].
Even so, there is no consensus, as yet, on which way is the best for
the preparation of CZTS thin ﬁlms [22]. Generally, the preparation of ink
proceeded in a non-vacuum environment and aqueous solution system
will provide a low-cost, convenient and scalable pathway to synthesize
CZTS thin ﬁlms. Furthermore, it would be better that the chemicals and
solvents involved in the production process are non-toxic, stable and in-
expensive. In this study, we report an alternative route to fabricate CZTS
thin ﬁlms via sulfurization of the Cu–Zn–Sn composite oxide thin ﬁlmslicense.
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prepared from the chemical co-precipitated Cu–Zn–Sn composite oxide
nanoparticles in the aqueous solution. All the experiment processes
except sulfurization treatment are carried out in atmosphere, and envi-
ronmentally benign solvents (water, ethanol and ethylene glycol) were
selected. A ﬁrst solar cell with a conversion efﬁciency of 1.22% was
obtained. In our research, ﬁrstly, the inﬂuences of temperature, pH and
mass fraction of poly(vinylpyrrolidone) (PVP) on the composition and
particle size of Cu–Zn–Sn composite oxides were investigated. The effects
of sulfurization temperature on the compositional, morphological, struc-
tural, optical and electrical properties of CZTS thin ﬁlms were then stud-
ied. The process established here has the potential in promoting the
development of low-cost and large-scale CZTS thin ﬁlm solar cells.
2. Experimental section
All chemicals used in this work were analytical grade reagents and
used without further puriﬁcation. Deionized water with a resistance of
18.2 MΩ cmwas used in the experiments. Fig. 1 illustrates the schematic
processes for the fabrication of CZTS thin ﬁlms. This composite oxide
ink-based approach has been already successfully applied for the growth
of CIGS thin ﬁlms [23].
2.1. Synthesis of the Cu–Zn–Sn composite oxide nanoparticles
Cu–Zn–Sn composite oxide nanoparticales were synthesized by the
chemical co-precipitation method. According to the stoichiometric ratio
of CZTS, CuSO4 · 5H2O, ZnSO4 · 7H2O and SnSO4, as the raw materials,
were weighed and added into deionized water with the total concentra-
tion of 0.4 M. The concentrated H2SO4 was then dropped into the solu-
tion slowly under stirring until the solution became transparent with a
light blue color (solution A). The 0.5 M NaOH solution (solution B) was
prepared by dissolving NaOH into deionized water. Solution A and B
were simultaneously added dropwise into a three-neck ﬂask which has
contained 100 ml deionizedwaterwith dissolved PVP under continuous-
ly stirring. Meanwhile, the temperature and pH of the mixture solution
were precisely controlled during the reaction process. The hydroxide slur-
ry was ﬁltered, washed and vacuum-dried at 60 °C. The as-precipitated
hydroxide powder was then calcined at 550 °C for 2 h in the air to obtain
the Cu–Zn–Sn composite oxide nanoparticles.
In this study, temperature, pH value and themass fraction of PVPwith
respect to 100 ml deionized water were taken into account as the main
factors in Cu–Zn–Sn composite oxide nanoparticles synthesis. Inﬂuences
of each factor on the composition and particle size were investigated.
2.2. Ink preparation and ﬁlm deposition
The inkwas prepared according to the previously reportedmethod for
multiphase CuInSe2 nanoparticles ink proposed by S. Jeong et al. [24].
Brieﬂy, 3.5 g Cu–Zn–Sn composite oxide nanoparticles was added into a
mixed solvent with 4.36 g of ethanol and 9.64 g of ethylene glycol. PVPFig. 1. Schematic processes for thewas also added with a mass fraction of 1% to avoid the formation of
crack in the ﬁlms. The mixture was ball milled for 10 h to break soft ag-
glomerates and form an ink. The Cu–Zn–Sn composite oxide thin ﬁlms
were deposited by blade coating on clean blank andMo-coated glass sub-
strates and dried at 60 °C in vacuumoven. Then the oxide thin ﬁlmswere
sulfurized in a two-zone tube furnace to prepare CZTS thin ﬁlms. The ele-
mental sulfur was heated at 250 °C in the ﬁrst zone and transported by a
constantﬂowofAr to the second zonewith the oxide thinﬁlms. The oxide
thin ﬁlms were sulfurized at four different temperatures: 450 °C, 500 °C,
525 °C and 550 °C. The tubewas purgedwith Ar for 15 min to remove air
prior to sulfurization. The heating rate used was 5 °C min−1 and soaking
timewas 30 min, and then CZTS thin ﬁlms were allowed to cool down to
room temperature naturally.
2.3. Solar cells fabrication
Solar cells with the structure glass/Mo/CZTS/CdS/i-ZnO/ZnO:Al were
fabricated. CdS buffer layer was deposited on CZTS layer by chemical
bath deposition [25], and i-ZnO and Al-doped n-ZnO layers were deposit-
ed on top of CdS layer by RF magnetron sputtering and DC magnetron
sputtering. The conductive silver glue was pasted on the window layer
as the top electrode. Finally, the active areas of the deviceswere 0.12 cm2.
2.4. Characterization
The elemental composition of Cu–Zn–Sn composite oxides and
the prepared CZTS thin ﬁlms were determined using energy disper-
sive X-ray spectroscopy (EDAX-GENSIS60S). The particle sizes of
Cu–Zn–Sn composite oxides nanoparticles were measured by Zeta
Sizer (Zano-ZS, Malvern, UK). Themorphology and crystalline proper-
ties of CZTS thinﬁlmswere characterized by an environmental scanning
electron microscope (ESEM, FEI Quanta-200) and a Rigaku3014 X-ray
diffractometer (with Cu Kα radiation, λ = 1.54 Å, 40 kV acceleration
voltage, 25 mA current). The cross-sectional morphology of CZTS pho-
tovoltaic devicewas characterized by a ﬁeld emission scanning electron
microscope (Nova NanoSEM 230). The Raman spectra were taken using
a Jobin-Yvon LabRAM HR800-Horiba spectrometer coupled with an
Olympus metallographic microscope with the blue line of an Ar laser
(λ = 488 nm). X-ray photoelectron spectroscopy (XPS) analysis was
performed in a K-Alpha 1063 (Thermo Fisher Scientiﬁc) spectrometer
with amonochromatic Al KαX-ray source (1486.6 eV). The thicknesses
of thin ﬁlms were determined by a Veeco Dektak 150 surface proﬁler.
The transmittance spectra of the samples were obtained using an
UV–vis-NIR spectrophotometer (HITACHI U-4100) in a wavelength
range of 300–2000 nm. Carrier concentration, hall mobility and resis-
tivity of the CZTS ﬁlms weremeasured by the Hall effect measurements
(HMS-3000/0.55 T) on the blank glass substrates at room temperature
using indium ohmic contacts. Current density–voltage (J–V) character-
istics of the CZTS solar cells were recorded using a digital source meter
(Keithley 2400) in the dark and under AM1.5 G simulated sunlight at a
light intensity of 100 mW cm−2 (Newport 91160-1000).fabrication of CZTS thin ﬁlm.
Fig. 2. The effects of temperature, pH andmass fraction of PVP on the composition and
particle size of Cu–Zn–Sn composite oxide: (a) pH = 9, mass fraction of PVP = 1%;
(b) T = 40 °C, mass fraction of PVP = 1%; (c) pH = 9, T = 40 °C.
Table 1
The elemental composition of the precursor and CZTS thin ﬁlms sulfurized at different
temperatures.
Temperature Atomic % Ratio
Cu Zn Sn S Cu/(Zn + Sn) Zn/Sn S/Metal
precursor 48.54 27.18 24.28 / 0.94 1.12 /
450 °C 21.77 11.28 11.13 55.83 0.97 1.01 1.26
500 °C 23.15 12.12 11.74 52.99 0.97 1.03 1.13
525 °C 23.56 12.11 12.08 52.24 0.97 1.00 1.09
550 °C 23.98 12.25 12.31 51.45 0.98 1.00 1.06
Fig. 3. XRD patterns of CZTS thin ﬁlms sulfurized at 450 °C, 500 °C, 525 °C and 550 °C.
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3.1. The effect of temperature, pH and mass fraction of PVP on composition
and particle size of Cu–Zn–Sn composite oxide nanoparticles
The composition and particle size of Cu–Zn–Sn composite oxide
nanoparticles have important effects on the quality of the deposited
CZTS thin ﬁlm. Fig. 2 shows the results of the chemical co-precipitationexperiments. From Fig. 2(a), the co-precipitation temperature shows sig-
niﬁcant inﬂuence on the composition of Cu–Zn–Sn composite oxides.
Both Cu/(Zn + Sn) and Zn/Sn vary with the different temperature and
are acceptable for the preparation of CZTS thin ﬁlms. The particle sizes
of the Cu–Zn–Sn composite oxides are a few ten nanometers, which
would be in favour of the formation of the dense thin ﬁlms. The size in-
creases as the co-precipitation temperature increases, which may be
due to the fact that the grain growth rate is faster at higher temperature.
It is observed that Cu/(Zn + Sn) remains almost unchanged while Zn/Sn
increases a little in pH range of 8–10 (Fig. 2(b)). And the higher pH results
in smaller particle size. At pH = 9, the composite oxide nanoparticles
have a small average size of about 19 nm. The PVP content has inapparent
inﬂuence on the composition of Cu–Zn–Sn composite oxides as shown in
Fig. 2(c) (Cu/(Zn + Sn) = 0.95 and Zn/Sn = 1.10). The particle size
gradually decreases as the PVP content increases.
3.2. The effect of sulfurization temperatures on the composition, structural,
morphological, optical and electrical properties of CZTS thin ﬁlms
In the following experiments, we choose the Cu–Zn–Sn composite
oxide nanoparticles synthesized at 40 °C, pH = 9 and mass fraction of
PVP = 1% as the starting material, which shows near stoichiometry but
a little Cu-poor (Cu/(Zn + Sn) = 0.94) and Zn-rich (Zn/Sn = 1.12)
composition. It is commonly accepted that it is optimal to grow the
CZTS thin ﬁlm and maximize the CZTS solar cell performance under
Cu-poor and Zn-rich conditions [16,26].
3.2.1. Composition studies
The CZTS thin ﬁlms grown on the blank glasses are used as the sam-
ples for composition studies, and the results are shown in Table 1. The
composition of the composite oxide thin ﬁlm (precursor) is also included
Fig. 4. Raman spectra of CZTS thin ﬁlms grown at 450 °C, 500 °C, 525 °C and 550 °C.
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er than 1, indicating that sulfur has been sufﬁciently incorporated into the
ﬁlms. Moreover, the values of S/metal decrease as the sulfurization
temperature increases. The ratios of Cu/(Zn + Sn) and Zn/Sn in all the
CZTS thin ﬁlms are almost the same independent on sulfurization tem-
perature. Compared with the composition of precursor, it is noticed
that Cu/(Zn + Sn) increases while Zn/Sn decreases slightly, reveal-
ing a little Zn loss during sulfurization process.Fig. 5. High-resolution XPS spectra of the3.2.2. Structural analysis
Fig .3 shows the XRD patterns of the prepared CZTS thin ﬁlms. As
shown, the peaks at 2θ = 18.20°, 28.53°, 32.99°, 47.33°, 56.18° and
76.44° can be indexed to the (101), (112), (200), (220), (312) and
(332) planes of the Cu2ZnSnS4 (JCPDS card no. 06-0575). Furthermore,
it can be observed that a diffraction peak belonging to CuxS phase appears
in the ﬁlm sulfurized at 450 °C. However, we know that Cu2SnS3, ZnS and
Cu2ZnSnS4 display very similar XRD diffraction patterns [27,28], so the
phase identiﬁcation of Cu2ZnSnS4 cannot be conﬁrmed solely by XRD
characterization. Therefore, Raman measurement was carried out to im-
prove the phase determination. The results of Raman examinations are
depicted in Fig. 4. All the Raman spectra clearly show the characteristic
peak of CZTS phase at 330 cm−1 [29]. The CZTS thin ﬁlm sulfurized
at 450 °C shows another peak positioned at about 492 cm−1, which
can be assigned to the CuxS phase [30], agreeing with the XRD results
shown in Fig. 3.
Fig. 5 shows the high-resolution XPS spectra of Cu 2p (a), Zn 2p (b),
Sn 3d (c) and S 2p (d) core levels of the CZTS thin ﬁlm sulfurized at
550 °C. The calibration of binding energy scale is made with respect to
284.5 eV of C 1 s. The binding energy values for Cu 2p3/2 and Cu 2p1/2
are 932.12 eV and 951.83 eV with a peak splitting of 19.71 eV, indicat-
ing the formation of Cu(I) [28,31]. The narrow doublet peaks in the Zn
2p spectrum appear at binding energies of 1021.25 and 1044.39 eV
suggesting the presence of Zn(II) [28,31]. The Sn (IV) is conﬁrmed
by a peak separation of 8.39 eV of two peaks located at 486.03 eV and
494.42 eV [28,31]. The observed peaks located at 161.47 eV and
162.62 eV coincide with the expected values of S 2p3/2 and S 2p1/2 in
sulﬁde phases [28,31]. The binding energy values for Cu, Zn, Sn and SCZTS thin ﬁlm sulfurized at 550 °C.
Fig. 6. ESEM micrographs of CZTS thin ﬁlms prepared at various sulfurization temperatures: (a) 450 °C, (b) 500 °C, (c) 525 °C, (d) 550 °C.
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[32,33]. Therefore, from the XPS studies, it is also conﬁrmed the forma-
tion of CZTS phase after sulfurization treatment.
3.2.3. Morphological characterization
Fig. 6(a–d) displays the ESEM surface morphologies for CZTS thin
ﬁlms prepared at different sulfurization temperatures. It can be seenFig. 7. (αhv)2 versus photon energy (hv) of CZTS thin ﬁlms fabricated at 450 °C,
500 °C, 525 °C and 550 °C.that all the CZTS thin ﬁlms are composed of closely packed variform and
varisized grains with porous surfaces. The porous nature of particle-
derived thin ﬁlms has been also reported by other researchers [34,35].
The grain size will be the limiting factor for the carrier life time and
does not satisfy the requirement for the fabrication of high performance
device [8]. However, it is possible to get larger anddenser grains in the en-
tire CZTS thin ﬁlm via the optimization of sulfurization sintering process,
such as prolonging the sulfurization time or increasing the sulfur vapor
pressure.
3.2.4. Optical properties
According to the spectral transmittance (T) data measured by
UV–vis-NIR spectrophotometer, the optical absorption coefﬁcient (α)
is calculated using the relation α = −ln(T)/d, where d is the thickness
of the ﬁlm. In the present work, the thicknesses of CZTS thin ﬁlms sulfu-
rized at 450 °C, 500 °C, 525 °C and 550 °C are about 1.45 μm, 1.70 μm,
2.00 μm and 1.70 μm.Table 2
The electrical properties of CZTS thin ﬁlms sulfurized at different temperatures.
Sample Carrier concentration(cm−3) Hall mobility(cm2/V s) Resistivity(Ω cm)
450 °C 3.157 × 1018 2.027 0.9754
500 °C 5.049 × 1017 2.301 5.374
525 °C 5.282 × 1017 2.967 3.984
550 °C 1.247 × 1016 16.57 30.22
Fig. 8. J–V curves in the dark and light of the solar cell fabricated with the CZTS absorber layer sulfurized at 550 °C. The insert is cross-sectional view of CZTS device structure.
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the ﬁt of the (αhv)2 versus (hv) plots, as shown in Fig. 7. The estimated
optical band gaps of all the CZTS thin ﬁlms are found to be about
1.35 ± 0.03 eV, which is consistent with reported values from the liter-
atures [36,37]. Note that the band gap is not affected obviously by the
sulfurization temperature in range from 450 °C to 550 °C.
3.2.5. Electrical properties
The electrical properties of the CZTS thin ﬁlmswere tested using the
Hall effect measurement with a magnetic ﬁeld intensity of 0.55 T and
current of 1 μA at room temperature. All the ﬁlms exhibit p-type con-
ductivity, as determined from the positive hall coefﬁcients. The carrier
concentration, hall mobility and resistivity of the ﬁlms are listed in
Table 2.
From the table, it can be seen that as the sulfurization temperature in-
creases, the carrier concentration decreases and the resistivity increases
accordingly. The high carrier concentration and low resistivity of the
CZTS thin ﬁlm sulfurized at 450 °C might be due to the presence of high
conductivity CuxS phase [38,39], which has been conﬁrmed in XRD and
Raman characterizations. The values of carrier concentration and resistiv-
ity for the CZTS thin ﬁlm sulfurized at 550 °C are similar to those reported
by J. J. Scragg et al. [40,41]. The hall mobility gradually increases as the
sulfurization temperature increases and reaches 16.57 cm2/V s at
550 °C. This is because that the increased CZTS crystal size weakens
the intercrystalline boundary scattering and increases the carrier life-
time, consequently increasing the mobility [42].
3.2.6. Device performance
The CZTS absorber layer sulfurized at 550 °C was integrated into a
photovoltaic device in the glass/Mo/CZTS/CdS/i-ZnO/ZnO:Al conﬁgura-
tion. The total active area of the device was 0.12 cm2. Fig. 8 plots the
dark and light J–V curves of the fabricated solar cell. It exhibits a conver-
sion efﬁciency of 1.22% with an open circuit voltage of 0.32 V, a short
circuit current density of 9.28 mA cm−2 and a ﬁll factor of 41%. The con-
version efﬁciency is far below the reported efﬁciency of pure CZTS photo-
voltaic cell of 9.2% [7]. It may be due to the fact of that the CZTS absorber
layer is consisted of small size grains (as shown in the insert of Fig. 8),
which results from a non-optimized sulfurization process [16,22,43].
Also, the composition of CZTS thin ﬁlm needs to be optimized [39,44]
and interface treatment should be taken into consideration [15]. Thesestudies are being carried out in our lab in order to improve the perfor-
mance of the device.
4. Conclusions
In summary, we have prepared CZTS thin ﬁlms based on a non-
vacuum solution process and provided a low-cost, convenient and scal-
able route to fabrication of CZTS thin ﬁlm solar cell. Through controlling
the co-precipitation temperature, pH and mass fraction of PVP, Cu–Zn–
Sn composite oxide with proper composition and particle size can be
obtained. Sulfur has been sufﬁciently incorporated into the ﬁlms during
sulfurization. The formation of CZTS phase was conﬁrmed by XRD,
Raman and XPS studies. All the ﬁlms exhibited porous nature and
the optical band gaps were found to be about 1.35 eV independent
on the sulfurization temperatures. For the CZTS thin ﬁlm sulfurized
at 550 °C, carrier concentration, hall mobility and resistivity were
1.247 × 1016 cm−3, 16.57 cm2/V s, 30.22 Ω cm. The conversion ef-
ﬁciency of solar cells using the CZTS absorber layers sulfurized at
550 °C was 1.22%.
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